Introduction
============

Adult mesenchymal stem cells (MSCs) are fibroblast-like, multipotent cells that can be isolated from bone marrow (BM), adipose tissue, umbilical cord, skeletal muscle, liver and tumoral tissues ([@b1-mmr-21-05-2051]--[@b3-mmr-21-05-2051]). MSCs display unique characteristics that enable them to develop into several different cell types, including osteoblasts, adipocytes, chondrocytes and hematopoiesis-supportive stroma ([@b4-mmr-21-05-2051]); they can be mobilized from BM, and other tissues, to sites of inflammation, such as areas of injury and tumors ([@b5-mmr-21-05-2051]--[@b8-mmr-21-05-2051]), respond to the local microenvironment, and exert immunosuppressive and anti-inflammatory activities ([@b9-mmr-21-05-2051],[@b10-mmr-21-05-2051]). Previous studies have reported that MSCs can promote the growth, metastasis and invasion of cancers ([@b11-mmr-21-05-2051]--[@b13-mmr-21-05-2051]); for example, Zhu *et al* ([@b14-mmr-21-05-2051]) demonstrated that the inhibition of microRNA (miR)-155-5p promoted the transition of BM-MSCs into gastric cancer-MSCs through the activation of the NF-κB p65-signaling pathway. MSCs also reportedly induce the expression of discoidin domain-containing receptor 2 to mediate the growth and metastasis of breast cancer ([@b8-mmr-21-05-2051]). MSC senescence influences the growth, metastasis and angiogenesis of colon cancer by secreting galectin-3 ([@b15-mmr-21-05-2051]), and MSCs are reported to represent promising potential for their use in cancer therapy; with Zhang *et al* ([@b16-mmr-21-05-2051]) demonstrating that MSCs have potential beneficial effects for breast cancer therapy through the targeting of fibronectin 1, CD44 and nerve growth factor.

p53 is a prominent transcription factor and tumor suppressor gene that regulates the homeostasis of cells ([@b17-mmr-21-05-2051]), as well as several cellular processes, such as cell cycle control and growth, differentiation and DNA repair; therefore, p53 is often referred to as the guardian of the genome ([@b18-mmr-21-05-2051]). A mutation or loss of p53 expression occurs in \~50% of human cancers ([@b19-mmr-21-05-2051],[@b20-mmr-21-05-2051]), and p53 mutations can lead to genome instability, functional alterations in cell proliferation, migration, differentiation and the cell cycle, and the aberrant transformation of MSCs. For example, the absence of p53 can increase the osteogenic differentiation of BM-MSCs ([@b21-mmr-21-05-2051]--[@b23-mmr-21-05-2051]), and the inactivation of p53 skews MSCs towards an osteogenic fate and impairs hematopoiesis-supporting activity ([@b24-mmr-21-05-2051]). p53 abnormality is correlated with the transformation of MSCs, which promotes mesodermal tumor formation ([@b18-mmr-21-05-2051],[@b25-mmr-21-05-2051],[@b26-mmr-21-05-2051]).

The differential characteristics of mouse (m)BM-MSCs exhibiting distinct p53 statuses has not been thoroughly investigated. In the present study, the characteristics of mBM-MSCs obtained from p53 wild-type (p53^+/+^), p53 knockdown (p53^+/−^) and p53 knockout (p53^−/−^) mice were analyzed to investigate their abilities to grow, differentiate and target stemness-related proteins, in addition to their ability to target miRNA and protein expression, as well as inflammatory cytokine secretion, to provide novel evidence for the role of stromal p53.

Materials and methods
=====================

### Animal studies and the isolation and culture of mBM-MSCs

All experimental procedures involving animals were conducted in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the Animal Use Ethics Committee of Jiangsu University (Zhenjiang, China). A total of 18 C57BL/6 mice (sex, male; weight, 15--20 g; age, 6--8 weeks; n=6/group) with a p53^+/+^, p53^+/−^ or p53^−/−^ genotype were obtained from Nanjing Medical University (Nanjing, China), and were housed under standard conditions at 20--26°C and 40--70% humidity, in a 12-h light/dark cycle with free access to food and water. Mice were euthanized by CO~2~ inhalation; mice were placed in an enclosed box and CO~2~ was released at a flow rate of 2.5 l/min, with a displacement rate of 28% volume/min. Death was ensured following confirmation that the mice exhibited no breathing, pupil dilation and no heartbeat. The BM was collected from mice by flushing the femurs. Cells from the BM were cultured in DMEM with low glucose (Invitrogen; Thermo Fisher Scientific, Inc.), supplemented with 15% FBS (Invitrogen; Thermo Fisher Scientific, Inc.) and 50 U/ml penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.), and maintained in a humidified atmosphere at 37°C with 5% CO~2~ for 4 days to facilitate attachment. Non-adherent cells were removed after 4 days incubation by changing the culture medium. Cells were trypsinized with 0.25% trypsin/0.1% EDTA (Sigma-Aldrich, Merck KGaA) and re-plated at 8×10^3^ cells/cm^2^ (approximately 1:3), and the medium was changed every 3 days. Homogeneous fibroblast-like cell populations appeared after five passages, and mBM-MSCs obtained at passage five were used for subsequent experimentation.

### Morphology detection

mBM-MSCs were cultured in DMEM with low glucose (Invitrogen; Thermo Fisher Scientific, Inc.), supplemented with 15% FBS (Invitrogen; Thermo Fisher Scientific, Inc.). Cells were trypsinized with 0.25% trypsin/0.1% EDTA (Sigma-Aldrich; Merck KGaA) and re-plated at 8×10^3^ cells/cm^2^ for 12 h at 37°C. Cells were subsequently visualized using an Olympus CKX41 inverted phase contrast light microscope (magnification, ×20).

### Flow cytometry

mBM-MSCs were trypsinized with 0.25% trypsin/0.1% EDTA and washed twice with 10.2 g/l PBS (pH=7.2). Cells were subsequently incubated on ice with the following monoclonal antibodies (1:250): FITC-conjugated CD29 (cat. no. 561796; BD Pharminogen; BD Biosciences), FITC-conjugated CD34 (cat. no. 560238; BD Pharminogen; BD Biosciences), FITC-conjugated CD90 (cat. no. 561973; BD Pharminogen; BD Biosciences), phycoerythrin (PE)-conjugated CD44 (cat. no. 553134; BD Pharminogen; BD Biosciences), PE-conjugated CD45 (cat. 553081; BD Pharminogen; BD Biosciences) or PE-conjugated CD11b (cat. no 12-0112-82; eBioscience; Thermo Fisher Scientific, Inc.). PE- and FITC-conjugated IgM and IgG were used as controls. Labeled cells were analyzed by flow cytometry using a BD FACSCaliburä flow cytometer (BD Biosciences) and FlowJo version 10 software (Tree Star, Inc.).

### Growth curves

p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were seeded in 24-well plates (5×10^3^ cells/well) during the logarithmic growth phase, and the number of cells/well was counted on 12 consecutive days manually. Briefly, the cells in the three duplicated wells were digested and the number of cells were counted using an abalone counting board.

### Cell cycle analysis

To determine DNA synthesis, the cells were trypsinized and harvested by centrifugation (25°C; 92 × g; 5 min). The pellets were resuspended in 0.1% PBS and subsequently fixed with 75% ethanol at −20°C for 12 h, and then permeabilized with 0.1% Triton X-100 at room temperature for 20 min. Following treatment with RNase at 37°C for 30 min, the cells were incubated with propidium iodide (50 µg/ml) at 25°C for 15 min. Cells were analyzed by flow cytometry using a BD FACSCalibur™ flow cytometer (BD Biosciences). The percentage of cells in the G1, S and G2 phases were quantified using BD CellQuestä version 5.1 software (BD Biosciences).

### Tumor formation assay

For the tumor formation assay, BALB/c nu/nu mice (age, 4 weeks; sex, male; weight, 15--20 g; n=6/group) obtained from The Shanghai Animal Laboratory Center of the Chinese Academy of Sciences, were injected subcutaneously under the *armpit* with 1×10^6^ and 5×10^6^ p53^+/+^, p53^+/−^ or p53^−/−^ mBM-MSCs (passage no. 9, 11, 13 or 15) suspended in 200 µl 0.1% PBS, and the incidence of tumor formation was observed for 3 months. Mice were euthanized as previously described above at 3 months prior to measuring the tumor size.

### Hematoxylin & eosin staining

Tumor sections were fixed in formalin for 24 h at room temperature and embedded in paraffin. Paraffin-embedded tissues were cut into 4--6-µm thick sections. The tissue sections were subsequently deparaffinized in xylene for 12 h at 75°C, rehydrated using a descending ethanol series (100, 95, 85 and 75% for 2 min each) and then boiled for 30 min in 10 mM citrate buffer (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was inhibited by exposing the sections to 3% hydrogen peroxide for 10 min at room temperature. Sections were stained with 0.2% hematoxylin for 5 min at room temperature and then 0.5% eosin for 1--3 min at room temperature. Stained cells were visualized using an Olympus CKX41 inverted phase contrast light microscope (magnification, ×100; Olympus Corporation).

### Adipogenic and osteogenic differentiation in vitro

p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were seeded at 5×10^3^ cells/cm^2^ in 35-mm plates and cultured in L-DMEM (Invitrogen; Thermo Fisher Scientific, Inc.) with 15% FBS (Invitrogen; Thermo Fisher Scientific, Inc.), and either adipogenic \[1 µM dexamethasone and 10 µg/ml insulin (Sigma-Aldrich, Merck KGaA)\] or osteogenic \[0.1 µM dexamethasone, 10 µM β-glycerophosphate, 50 µg/l ascorbic acid, and 4 µg/ml basic fibroblast growth factor (Sigma-Aldrich, Merck KGaA)\] supplements for a total induction period of 1--2 weeks; with the medium being changed three times/week. Following induction, intracellular lipid accumulation was visualized using Oil Red O staining. Briefly, cells were fixed with 10% neutral formaldehyde for 30 min at room temperature and were subsequently incubated with 0.5% Oil Red O solution for 10 min at room temperature. Osteogenic differentiation was assessed by examining alkaline phosphatase activity through alkaline phosphatase staining. Briefly, the cells were fixed in 10% formalin methanol solution for 10 min at 0.5°C and subsequently washed in distilled water. Cells were stained with a solution containing 35 mg α-phosphate naphthol sodium, 35 mg Fast Garnet and 35 ml 0.05 M acrylamide for 5--10 min at room temperature. The cells were subsequently washed with tap water for 10 min and the cytoplasm of the cells could be viewed as light red granules. Cells cultured in basic medium were stained with the two staining reagents, as described above, to serve as the negative controls. Stained cells were visualized using an Olympus CKX41 inverted phase contrast light microscope (magnification, ×100; Olympus Corporation).

### Colony formation assay

p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were harvested, seeded at 1×10^3^ cells/well in 35-mm plates, and incubated in a humidified atmosphere at 37°C and 5% CO~2~ for 14 days; with the L-DMEM, supplemented with 15% FBS (Invitrogen; Thermo Fisher Scientific, Inc.) being replaced every 3 days. Following incubation, colonies were subsequently fixed with 4% paraformaldehyde for 20 min at room temperature prior to being stained with 0.5% crystal violet at room temperature for 20 min. Stained colonies of 0.3--1.0 mm were counted using a Vernier Caliper and the formation of colonies was semi-quantified using ImageJ version 1.8.0 software (National Institutes of Health).

### Transwell migration assay

A total of 1×10^5^ p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs/well were plated in the upper chambers of Transwell plates (Corning Inc.) with serum-free DMEM, and DMEM, supplemented with 15% FBS was plated in the lower chambers. Following incubation for 12 h at 37°C, the cells remaining on the upper surface of the membrane were removed with a cotton swab. The cells that migrated through the 8-mm pores and adhered to the lower surface of the membrane were fixed with 4% paraformaldehyde at room temperature for 20 min, and subsequently stained with 0.5% crystal violet at room temperature for 20 min. Stained cells were visualized using an Olympus CKX41 inverted phase contrast light microscope (magnification, ×20; Olympus Corporation).

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Total RNA was reverse transcribed into cDNA using the miScriptIIRT kit (cat. no. 218161; Qiagen China Co., Ltd.), according to the manufacturer\'s protocol. The following RT temperature protocol was used: 37°C for 1 h and 95°C for 5 min. qPCR was subsequently performed using the miScript SYBR Green PCR kit (cat. no. 218073; Qiagen China Co., Ltd.), according to the manufacturer\'s protocol, and the CFX96 Touch Real-Time PCR detection system (Bio-Rad Laboratories, Inc.). The primer pairs used for the qPCR were obtained from Qiagen (cat. no. 218073; Qiagen China Co., Ltd.). The following thermocycling conditions were used for the qPCR: Initial denaturation at 95°C for 10 min; and 40 cycles of 95°C for 10 sec, 55°C for 30 sec and 72°C for 32 sec. miRNA expression levels were quantified using the 2^−ΔΔCq^ method ([@b27-mmr-21-05-2051]) and normalized to the internal reference gene U6.

### Western blotting

Total protein was extracted from p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs using RIPA buffer supplemented with protease inhibitors (Santa Cruz Biotechnology, Inc.). Total protein concentration was quantified using a BCA assay kit (Thermo Fisher Scientific, Inc.) and 40 µg protein/lane was separated by 10% SDS-PAGE. Following electrophoresis, the separated proteins were subsequently transferred onto a PVDF membrane and blocked in 5% (w/v) non-fat milk for 1 h at room temperature. The membranes were incubated with the following primary antibodies: Anti-GAPDH (1:1,000; cat. no. KC-5G5; Kangchen BioTech Co., Ltd.), anti-p53 (1:1,000; cat. no. abs130596; Absin Bioscience, Inc.), anti-Sal-like protein 4 (SALL4); (1:500; cat. no. ab29112; Abcam), anti-protein lin-28 homolog B (LIN28B; 1:500; cat. no. 21626; Signalway Antibody LLC), anti-Sox2 (1:500; cat. no. ab5603; EMD Millipore), anti-octamer-binding protein 4 (Oct4; 1:400; cat. no. 21424; Signalway Antibody LLC), anti-c-Myc (1:200; cat. no. 10057-1-AP; ProteinTech Group, Inc.), anti-ubiquitin protein ligase E3 component n-recognin 2 (UBR2; 1:500; cat. no. BS60150; Bioworld Technology, Inc.), anti-matrix metalloproteinase 19 (MMP19; 1:500; cat. no. BS1235; Bioworld Technology, Inc.) and anti-RING-finger protein 31 (RNF31; 1:500; cat. no ab46322; Abcam). Following the primary incubation, membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibodies: Goat anti-rabbit IgG (1:2,000; cat. no. CW0103; CoWin Biosciences) and goat anti-mouse IgG (1:2,000; cat. no. CW0102; CoWin Biosciences). Protein bands were visualized using the Immobilon Western Chemiluminescent HRP substrate (EMD Millipore). GAPDH was used as the loading control. Expression levels were quantified using ImageJ version 1.8.0 software (National Institutes of Health).

### Luminex assay

Supernatants from p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were collected by centrifugation (500 × g; 10 min; 25°C) to remove cellular debris following 6--8 h of cell culture. The MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel kit (cat. no. MCYTOMAG-70K-12; Sigma-Aldrich; Merck KGaA) was used to assess cytokine levels of tumor necrosis factor (TNF)-α and interferon-γ-inducible protein (IP)-10 in the supernatants, according to the manufacturer\'s protocol. The final detection and analysis were performed using the Luminex 200™ system (Merck KGaA).

### Statistical analysis

All data are expressed as the mean ± SD from ≥3 independent experimental repeats. The statistical differences between groups were determined using an one-way ANOVA, followed by Tukey\'s range test using GraphPad Prism version 5 (GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Morphology of mBM-MSCs and p53 protein expression

Following the initial 8--14 days (passage 5) in culture, mBM-MSCs adhered to a plastic surface and presented as a mixture of fibroblastic and hematopoietic cell types, as determined by the expression of surface markers ([Figs. S1](#SD1-mmr-21-05-2051){ref-type="supplementary-material"} and [S2](#SD1-mmr-21-05-2051){ref-type="supplementary-material"}). Following 20 days from initial plating, the cells demonstrated a long, spindle-shaped fibroblast phenotype, began to form colonies and become confluent. After being re-plated for 20 days, the fibroblast-like cells appeared polygonal or spindly, with a long process and an orderly pattern at confluence ([Fig. 1A](#f1-mmr-21-05-2051){ref-type="fig"}). The p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were observed to share similar phenotypes on the basis of typical morphology. p53^+/+^ mBM-MSCs expressed the highest levels of p53 protein, whilst p53^+/−^ mBM-MSCs displayed intermediate expression levels of p53 protein and p53^−/−^ mBM-MSCs expressed very little levels of p53 protein ([Fig. 1B](#f1-mmr-21-05-2051){ref-type="fig"}).

### Surface antigens

Following five cell passages, p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were characterized by determining the expression of stem cell markers, CD29 (98.68, 99.74 and 99.72%, respectively), CD44 (99.50, 99.06 and 99.43%, respectively) and CD90 (98.55, 97.43 and 98.71%, respectively), hemocyte markers, CD34 (3.85, 2.67 and 4.99%, respectively) and CD45 (4.85, 0.42 and 0.95%, respectively), and the macrophage marker, CD11b (2.41, 2.72 and 2.58%, respectively; [Figs. 2](#f2-mmr-21-05-2051){ref-type="fig"}, [S1](#SD1-mmr-21-05-2051){ref-type="supplementary-material"} and [S2](#SD1-mmr-21-05-2051){ref-type="supplementary-material"}). The three types of mBM-MSCs were all positive for CD29, CD44 and CD90, but were negative for CD45, CD34, and CD11b.

### Cell cycle analysis of mBM-MSCs

p53^+/+^ mBM-MSCs demonstrated slow growth rate throughout the 12-day culture ([Fig. 3A](#f3-mmr-21-05-2051){ref-type="fig"}); however, 3 days post-seeding, p53^−/−^ mBM-MSCs began to expand rapidly and move into the logarithmic phase of growth. At day 9, cell counts reached their highest levels in p53^−/−^ mBM-MSCs, before subsequently entering the plateau phase. At 3 days post-seeding, the number of p53^−/−^ mBM-MSCs was \~2 times that of p53^+/+^ mBM-MSCs. From day 6, the number of p53^+/−^ mBM-MSCs was greater than that of p53^+/+^ mBM-MSCs. p53^−/−^ mBM-MSCs were observed to grow faster than p53^+/−^ mBM-MSCs from day 3 until day 12 ([Fig. 3A](#f3-mmr-21-05-2051){ref-type="fig"}). Cell cycle analysis indicated that the S phase rate of p53^−/−^ and p53^+/−^ mBM-MSCs was significantly higher compared with p53^+/+^ mBM-MSCs ([Fig. 3B](#f3-mmr-21-05-2051){ref-type="fig"}), and p53^−/−^ mBM-MSCs demonstrated an increased S phase rate compared with p53^+/−^ mBM-MSCs ([Fig. 3B](#f3-mmr-21-05-2051){ref-type="fig"}).

### mBM-MSCs are unable to form spontaneous tumors in mice regardless of p53 status

To study the ability of p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs to induce tumor formation, different numbers of cells from different passages were subcutaneously injected into BALB/c nu/nu mice. Three months after injection, no tumors were observed to have formed in mice from any group, regardless of the number of cells injected or the cell passage number used. Thus, p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were unable to form spontaneous transformation in mice within a three-month period.

### Differentiation of mBM-MSCs into adipocytes and osteocytes

p53^+/−^ and p53^−/−^ mBM-MSCs induced with adipogenic medium for 2 weeks were observed to contain a significant number of Oil Red O-positive lipid droplets compared with p53^+/+^ mBM-MSCs ([Fig. 4A](#f4-mmr-21-05-2051){ref-type="fig"}); in addition, p53^−/−^ mBM-MSCs exhibited significantly more positive cells compared with p53^+/−^ mBM-MSCs. Following osteogenic supplementation, p53^−/−^ mBM-MSCs had significantly more alkaline phosphatase-positive cells compared with p53^+/−^ mBM-MSCs, and both demonstrated significantly enhanced osteogenic differentiation levels compared with p53^+/+^ mBM-MSCs ([Fig. 4B](#f4-mmr-21-05-2051){ref-type="fig"}). Thus, overall, the p53^+/+^ mBM-MSCs displayed very little adipogenic or osteogenic differentiation.

### Colony formation and migratory ability of mBM-MSCs

Colony formation assay analysis demonstrated that p53^+/−^ and p53^−/−^ mBM-MSCs formed significantly more colonies compared with p53^+/+^ mBM-MSCs ([Fig. 5A](#f5-mmr-21-05-2051){ref-type="fig"}); in addition, p53^−/−^ mBM-MSCs were observed to form significantly more colonies compared with p53^+/−^ mBM-MSCs. The role of p53 in regulating mBM-MSC motility was determined using the Transwell migration assay. Compared with p53^+/+^ mBM-MSCs, the migratory rate of p53^+/−^ and p53^−/−^ mBM-MSCs was significantly increased ([Fig. 5B](#f5-mmr-21-05-2051){ref-type="fig"}); however, there was no significant difference between the migration rate of p53^+/−^ and p53^−/−^ mBM-MSCs ([Fig. 5B](#f5-mmr-21-05-2051){ref-type="fig"}).

### Expression of stem cell-associated proteins in mBM-MSCs

Western blot analysis revealed that stem cell-related proteins LIN28B, Sox2, c-Myc, SALL4 and Oct4 were expressed at significantly higher expression levels in p53^+/−^ and p53^−/−^ mBM-MSCs compared with p53^+/+^ mBM-MSCs; however, no significant differences in the protein expression levels were observed between p53^+/−^ and p53^−/−^ mBM-MSCs ([Fig. 5C](#f5-mmr-21-05-2051){ref-type="fig"}).

### Differential miRNA expression in mBM-MSCs

To establish whether p53 gene exerted its activity through microRNAs (miRNAs), RT-qPCR was performed to determine the levels of miRNAs in mBM-MSCs with differential p53 expression, that have previously been reported to serve vital roles in cancer progression, including miR-221, miR-155, miR-1288, miR-4669, miR-3152 and miR-337 ([Fig. 6A](#f6-mmr-21-05-2051){ref-type="fig"}) ([@b28-mmr-21-05-2051]--[@b39-mmr-21-05-2051]). The expression levels of miR-3152 and miR-337 were significantly increased in p53^+/−^ and p53^−/−^ mBM-MSCs compared with p53^+/+^ mBM-MSCs, whereas the expression levels of miR-221, miR-155, miR-1288 and miR-4669 were significantly decreased in p53^+/−^ and p53^−/−^ mBM-MSCs compared with p53^+/+^ mBM-MSCs ([Fig. 6A](#f6-mmr-21-05-2051){ref-type="fig"}). Among these miRNAs, miR-3152, miR-337 and miR-221 were expressed at significantly higher levels in the p53^−/−^ mBM-MSCs compared with p53^+/−^ ([Fig. 6A](#f6-mmr-21-05-2051){ref-type="fig"}).

### Inflammatory cytokine secretion

To determine whether p53 status affected inflammatory cytokine secretion from mBM-MSCs, the Luminex analysis system was used to determine the content of several inflammation- and cancer-related cytokines in the cell culture supernatant. The expression levels of TNF-α and IP-10 were significantly upregulated in the supernatant of p53^+/−^ and p53^−/−^ mBM-MSCs compared with p53^+/+^ mBM-MSCs ([Fig. 6B](#f6-mmr-21-05-2051){ref-type="fig"}); however, whilst p53^+/−^ mBM-MSCs secreted significantly less IP-10 compared with p53^−/−^ mBM-MSCs, they secreted higher levels of TNFα compared with p53^−/−^ mBM-MSCs, but no statistical difference was observed ([Fig. 6B](#f6-mmr-21-05-2051){ref-type="fig"}).

### Differential protein expression of mBM-MSCs

Previous proteomic analysis has confirmed that UBR2, RNF31 and MMP19 are enriched in human umbilical cord MSC-derived exosomes ([@b40-mmr-21-05-2051]); the three proteins were reported to promote cellular proliferation and metastasis in tumor progression ([@b41-mmr-21-05-2051]--[@b43-mmr-21-05-2051]). The protein expression levels of the three proteins in p53^+/−^ and p53^−/−^ mBM-MSCs were significantly higher compared with p53^+/+^ mBM-MSCs ([Fig. 6C](#f6-mmr-21-05-2051){ref-type="fig"}); however, no significant differences in the protein expression levels of the three proteins were observed between p53^+/−^ and p53^−/−^ mBM-MSCs ([Fig. 6C](#f6-mmr-21-05-2051){ref-type="fig"}).

Discussion
==========

The tumor suppressor gene p53 has numerous functions in biological processes, such as bone homeostasis, organogenesis and neoplasia ([@b24-mmr-21-05-2051]). However, the role of MSCs exhibiting differential p53 statuses remains poorly described. In the present study, p53 wild-type (p53^+/+^), p53 knockdown (p53^+/−^) and p53 knockout (p53^−/−^) mBM-MSCs were analyzed to determine the effect of p53 on the biology of MSCs. Successful isolation, purification and culture of mBM-MSCs revealed that p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs all presented with a fibroblast-like appearance; they all positively expressed the typical surface antigens, CD29, CD44, CD90, and negatively expressed CD34, CD45, and CD11b ([@b44-mmr-21-05-2051],[@b45-mmr-21-05-2051]). Thus, despite the three groups of mBM-MSCs exhibiting differential p53 levels, no noticeable difference was observed in their morphology and surface antigens presentation.

Previous studies in primary murine cells reported that p53 accumulation and stabilization could promote increased apoptosis and induce cell cycle arrest ([@b46-mmr-21-05-2051],[@b47-mmr-21-05-2051]). The present study demonstrated, through growth curve assays and DNA cell cycle analysis, that p53^+/−^ and p53^−/−^ mBM-MSCs possessed a higher proliferative potential compared with p53^+/+^ mBM-MSCs, and that the absence, or partial absence, of p53 corresponded with an increased S phase rate within the cell cycle compared with basal p53 levels. These results revealed that the differential expression of p53 influenced the cell cycle distribution and proliferation of MSCs, which is consistent with a previous study ([@b18-mmr-21-05-2051]). The presence and correct functioning of p53 is essential to avoid the spontaneous transformation of MSCs; with the long-term absence of p53 promoting genomic instability in MSCs, and eventually tumorigenesis ([@b23-mmr-21-05-2051]). Results from the present study indicated that the p53 status did not affect tumorigenic ability, and no malignant transformation arising from mBM-MSCs with distinct p53 status was evident over the three-month period *in vivo*, indicating the maintenance of genomic stability of the three mBM-MSC groups across the time period. Extended time-points and cell passages may be required to observe the transformation process *in vivo*.

MSCs are multipotent and differentiate into diverse cell types; however, the role of p53 in the regulation of this differentiation process is relatively unknown. He *et al* ([@b22-mmr-21-05-2051]) reported that mBM-MSCs deficient in p53 exhibit enhanced osteogenic differentiation properties, but similar adipogenic differentiation properties compared with mBM-MSCs with wild-type p53. Boregowda *et al* ([@b24-mmr-21-05-2051]) demonstrated that the loss of p53 strongly skews MSCs towards an osteogenic fate at the expense of adipogenesis, due to the depletion of mitochondrial ROS, which was induced in a closed low-oxygen (5%) cultured environment. The present study revealed that p53^+/−^ and p53^−/−^ mBM-MSCs have significantly increased adipogenic and osteogenic differentiation ability compared with p53^+/+^ mBM-MSCs, which agrees with a previous study by Armesilla-Diaz *et al* ([@b23-mmr-21-05-2051]). Thus, the differentiation processes of MSCs may be controlled by several factors, including p53, and the discrepancies of its role in adipogenic differentiation will require further investigation.

p53 can inhibit the proliferation and migration of cancer cells. As demonstrated in the current study, a gradual increase in the proliferative and migratory ability was observed during the culture of p53^+/−^ and p53^−/−^ mBM-MSCs compared with p53^+/+^ mBM-MSCs. These results may be partly due to an increased S phase rate and an augmented proliferation rate compared with p53^+/+^ cells. It has been previously reported that the deregulation of p53 pathway components is implicated in cancer cell stemness, invasion, migration and proliferation; for example, the loss of p53 leads to an increased expression of stemness markers, such as Sox2, SALL4 and Oct4, in breast tumors ([@b48-mmr-21-05-2051]). The loss of function of wild-type p53 has also been associated with the promotion of bone metastasis in prostate cancer, partially through the increased expression of stem-like markers in cancer cells ([@b49-mmr-21-05-2051]). Moreover, exosomes from p53^−/−^ mBM-MSC cells demonstrate increased expression of stemness-related genes, such as Oct4, Nanog and Sox2 compared with p53^+/+^ mBM-MSC cells ([@b41-mmr-21-05-2051]). Therefore, the present study investigated these stemness-related proteins to determine the relationship between p53 and stemness. Similar to previous studies ([@b41-mmr-21-05-2051],[@b46-mmr-21-05-2051],[@b47-mmr-21-05-2051]), the expression levels of stemness-related proteins, such as LIN28B, Sox2, c-Myc, SALL4 and Oct4 were increased in p53^+/−^ and p53^−/−^ mBM-MSCs, suggesting a positive role of p53 inactivation in stemness maintenance.

Increasing evidence indicates that many miRNAs are closely associated with p53, and p53 has been demonstrated to promote the maturation and expression of miRNAs ([@b50-mmr-21-05-2051]--[@b52-mmr-21-05-2051]), in addition to affecting protein expression and exerting different biological effects through its relevant miRNAs ([@b22-mmr-21-05-2051],[@b49-mmr-21-05-2051],[@b53-mmr-21-05-2051]). miRNAs associated with tumor proliferation and metastasis are differentially expressed between gastric cancer (GC) tissue-derived MSCs and adjacent non-cancerous tissue-derived MSCs ([@b54-mmr-21-05-2051]). Moreover, miR-3152 is involved in the therapeutic response to neoadjuvant radio-chemotherapy resistance observed in squamous cell carcinoma of esophagus (ESCC), which suggested that miR-3152 could act as a predictive biomarker for pre-therapeutic patient selection ([@b28-mmr-21-05-2051]). miR-377 drives malignant characteristics and acts as a prognostic biomarker in multiple different cancers ([@b29-mmr-21-05-2051]--[@b32-mmr-21-05-2051]), whereas miR-221 is involved in osteosarcoma and GC progression ([@b33-mmr-21-05-2051],[@b34-mmr-21-05-2051]). miR-155 has previously been observed to regulate melanoma cell growth by acting as a tumor suppressor ([@b35-mmr-21-05-2051]), and it is overexpressed in hematological malignancies and solid tumors ([@b36-mmr-21-05-2051]). The differential regulation of miR-1288 was discovered to be related to the cancer location and the pathological staging in colorectal cancers ([@b37-mmr-21-05-2051]). In addition, the overexpression of miR-1288 serves a crucial role in the pathogenesis of ESCC, with its modulation demonstrating potential therapeutic value in patients with ESCC ([@b38-mmr-21-05-2051]). Serum miR-4669 was expressed at lower levels in colon cancer compared to colon controls, which may facilitate the diagnosis of colon cancer ([@b39-mmr-21-05-2051]). To determine whether the above miRNAs were regulated by p53, the differential expression of these miRNAs in p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs was investigated. The results revealed that miR-3152 and miR-377 were highly expressed in p53^+/−^ and p53^−/−^ mBM-MSCs, which is consistent with their expression levels in other types of cancer ([@b28-mmr-21-05-2051]--[@b32-mmr-21-05-2051]) and suggested that they served an oncogenic role following p53 inactivation. Conversely, miR-221, miR-155 and miR-4669 expression levels were observed to be decreased in p53^+/−^ and p53^−/−^ mBM-MSCs, which based on previous studies ([@b32-mmr-21-05-2051]--[@b39-mmr-21-05-2051]), suggested that they may serve a tumor suppressive role in MSCs. In fact, p53 has been found to serve an important role in cell proliferation and metastasis by acting through cancer-related miRNAs ([@b28-mmr-21-05-2051]--[@b39-mmr-21-05-2051],[@b53-mmr-21-05-2051],[@b54-mmr-21-05-2051]).

Data from the present study revealed that the protein levels of UBR2, RNF31 and MMP19 were significantly elevated in p53^+/−^ and p53^−/−^ mBM-MSCs compared with p53^+/+^. Similarly, it was previously reported that UBR2 was highly expressed in p53^−/−^ mBM-MSC cells and exosomes, which served an important role in GC progression ([@b41-mmr-21-05-2051]). RNF31 has been reported to control important oncogenic pathways, such as p53, in breast cancer ([@b42-mmr-21-05-2051]). The increased expression of MMP19 was associated with the progression of cutaneous melanoma and may augment melanoma growth through promoting the invasion of tumor cells ([@b43-mmr-21-05-2051]). Thus, these results suggested a relationship between p53 and UBR2, RNF31 and MMP19 proteins, which were determined to be novel proteins in the p53 signaling pathway and suggested that they may have an oncogenic role in MSCs.

MSCs are known to secrete proteins, including growth factors, inflammatory cytokines and chemokines to regulate their biology in an autocrine or paracrine manner in accordance to the surrounding microenvironment ([@b55-mmr-21-05-2051]). TNF-α is an important factor in the tumor microenvironment; it assists leukemia cells in immune evasion, survival and resistance to chemotherapy ([@b56-mmr-21-05-2051]). The BM microenvironment in patients with multiple myeloma (MM) exhibit elevated concentrations of IP-10, which might not only be a diagnostic tool, but also a predictive biomarker for patients with MM ([@b57-mmr-21-05-2051]). In the present study, it was demonstrated that p53^+/−^ and p53^−/−^ mBM-MSCs secreted higher levels of TNF-α and IP-10, which could subsequently promote their proliferation, according to previous studies ([@b56-mmr-21-05-2051],[@b57-mmr-21-05-2051]).

Compared to p53^+/+^ MSCs, which expressed the highest levels of p53 protein, the *in vitro* p53^+/−^ MSCs, rather than the complete absence of p53 (p53^−/−^ MSCs), were sufficient to induce changes in the biological functions observed in this study, such as cell proliferation, migration, differentiation and the cell cycle. Compared with p53^+/−^ cells demonstrating an intermediate level of p53 expression, p53^−/−^ cells presented inconsistent differences in the different biological functions investigated. These observations suggested that distinct thresholds of p53 protein expression levels were responsible for its various functions during the progression from p53 knockdown to inactivation. It is therefore necessary to determine whether additional mechanisms are contributing as well to drive these biological characteristics.

In conclusion, the present study compared the differential characteristics of p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs, and discovered that they exhibited and shared typical MSC characteristics, but also had some differences, such as the rate of proliferation, differentiation, colony formation, migration and the expression of stemness-related proteins, tumor-associated miRNAs and proteins, as well as inflammatory cytokines. The partial or total absence of p53 may positively regulate the biological function of MSCs through its relevant miRNAs and proteins. Moreover, the autocrine or paracrine secretion of growth factors, inflammatory cytokines and chemokines may provide the mechanism by which MSCs perform these roles. However, the present study only briefly investigated the functions of different p53 statuses in cells, and the relationship between p53 and the molecules found to be differentially expressed was only inferred; future studies are required to investigate the casual relationship and the regulation between p53 and these molecules. In addition, further research is required to investigate how p53 regulates the function of MSCs through these genes and proteins. Overall, this study may provide new evidence for the biological regulatory role of p53 in BM-MSCs.
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![p53 status-related morphology of mBM-MSCs. (A) Representative micrographs of p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs. Magnification, ×20. (B) Western blot assay and densitometric analysis of p53 protein expression levels in p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs. \*\*\*P\<0.001. mBM-MSCs, mouse bone marrow mesenchymal stem cells.](MMR-21-05-2051-g00){#f1-mmr-21-05-2051}

![Flow cytometric analysis of cell surface markers on p53^+/+^ mouse bone marrow mesenchymal stem cells. Expression of cell surface markers (A) CD29, (B) CD34, (C) CD44, CD45 and CD11b, and (D) CD90 compared with the IgG or IgM.](MMR-21-05-2051-g01){#f2-mmr-21-05-2051}

![Proliferation and cell cycle analysis of mBM-MSCs with differential p53 statuses. (A) Growth curves of p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs cultured for 12 days, expressed as cell count. ^\*^P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. p53^+/+^ mBM-MSCs; ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001 vs. p53^+/−^ mBM-MSCs. (B) Flow cytometric cell cycle analysis of p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. mBM-MSCs, mouse bone marrow mesenchymal stem cells; S, S phase comparison.](MMR-21-05-2051-g02){#f3-mmr-21-05-2051}

![Adipogenic and osteogenic differentiation of mBM-MSCs with differential p53 statuses. (A) p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were cultured with or without adipogenic induction medium for 14 days and stained with Oil Red O. Magnification, ×100. (B) p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs were cultured in osteogenic induction medium for 7 days and subsequently stained with alkaline phosphatase. Magnification, ×100. \*\*P\<0.01 and \*\*\*P\<0.001. mBM-MSCs, mouse bone marrow mesenchymal stem cells.](MMR-21-05-2051-g03){#f4-mmr-21-05-2051}

![Colony forming and migratory ability, and the expression of stemness-related proteins in, mBM-MSCs with differential levels of p53 expression. (A) Colony formation assay of p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs. (B) Migration assay of p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs. (C) Western blot assay and densitometric analysis for the expression of LIN28B, Sox2, c-Myc, SALL4 and Oct4 in p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs. \*\*P\<0.01 and \*\*\*P\<0.001. LIN28B, protein lin-28 homolog B; mBM-MSCs, mouse bone marrow mesenchymal stem cells; Oct4, octamer binding protein 4; SALL4, Sal-like protein 3.](MMR-21-05-2051-g04){#f5-mmr-21-05-2051}

![Expression of miRNAs, cytokines and proteins in mBM-MSCs with differential p53 statuses. (A) Reverse transcription-quantitative PCR analysis of miRNAs expression levels of in p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs; expressions were normalized to U6. (B) Luminex assay of TNFα and IP-10 secretion in the supernatant obtained from p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs. (C) Western blotting and densitometric analysis of protein expression levels of UBR2, RNF31 and MMP19 in p53^+/+^, p53^+/−^ and p53^−/−^ mBM-MSCs; GAPDH was used as a loading control. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. IP-10, interferon-γ-inducible protein; mBM-MSCs, mouse bone marrow mesenchymal stem cells; miR/miRNA, microRNA; MMP19, matrix metalloproteinase 19; RNF31, RING-finger protein 31; TNFα, tumor necrosis factor α; UBR2, ubiquitin protein ligase E3 component n-recognin.](MMR-21-05-2051-g05){#f6-mmr-21-05-2051}
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